Introduction
Forest condition in Europe has been mo nitored for over twenty years under the Inter national Co-operative Program on Assess ment and Monitoring of Air Pollution Ef fects on Forests (ICP Forests), operating un der the UNECE Convention on Long-range Transboundary Air Pollution (CLRTAP). The aims of the program are "to provide a periodic overview on the spatial and tempo ral variation of forest condition in relation to anthropogenic and natural stress factors (in particular air pollution)" and to gain a better understanding of the cause-effect relation ships between the condition of forest ecosy stems and these factors (De Vries et al. 2003) . One of the key aspects of a successful monitoring design is the selection of a sui table indicator. It is necessary that the indi cator(s) chosen be measurable, have low na tural variability, be appropriate to the scale of disturbance and be indicative of a poten tial cause (Wiersma 2004) . Since its incep tion, crown condition parameters (defoliation and discoloration) have been used as the main indicators of forest health within the ICP Forests program. Monitoring of crown condition takes place at two different inten sity levels: a systematic large-scale monito ring network (Level 1) and an intensive monitoring program (Level II). The use of crown defoliation and discoloration as indi cators has been subject to much criticism and a number of limitations have been high lighted with this approach (Innes 1993 , Fer retti & Chiarucci 2003 . In this paper, we de scribe the background to the current moni toring program and discuss the results of crown condition surveys as well as the adequacy of using crown condition as an in dicator of air pollution.
Monitoring the effects of air pollution on forest condition in Europe
At the time when the concern for air pollu tion peaked in the mid 1980s, some resear chers claimed that the forest of Europe would die over large areas and within a few years (e.g., Ulrich & Matzner 1983 , Wentzel 1982 . The public media and partly the politicians adopted this view and there was a need for a rapid response (Schäfer & Met zger 2009) . Crown defoliation and discolora tion assessments provided a quick method of assessing whether forest die back was occur ring across a wide area. However, at that time, a number of researchers disagreed with the mainstream thinking, i.e., they did not expect a severe decline to take place (Reh fuess 1990, Kandler 1994 , Ellenberg 1995 , Ellenberg 1996 , Hüttl 1998 . If their view had been adopted at that time, another mo nitoring approach with more air-pollution specific and sensitive indicators might have been developed.
Monitoring of forest condition over the years has been successful in disproving the "forest die-back" hypothesis. Little evidence has been found for a widespread effect of air pollution on tree health in European forests (Ulrich 1995) . Instead, climate conditions seem to have a major effect on crown condi tion and tree growth (Kandler & Innes 1995 , Solberg & Torseth 1997 . Foliar injury and mortality is found to occur in specific areas, e.g., Czech Republic and Eastern Germany, and may be attributed to high concentrations of sulphur dioxide in combination with other stresses (e.g., climate and insects - Kandler & Innes 1995) .
Today, monitoring of crown condition to assess the effects of air pollution on forests continues under the ICP Forests programs at approximately 6000 plots in the Level I net work and more than 800 Level II plots (Fis cher et al. 2007 ). The aim of the Level II net work is to determine whether a number of proposed cause-effect relationships between air pollution and forest condition are occur ring. These relationships include on the one hand the direct effects of air pollutants, such as sulphur dioxide (SO2), nitrogen oxides (NOx) and tropospheric ozone (O3), on leaf stomata, and on the other hand the indirect effects on forest condition, i.e., soil acidifi cation due to sulphur (S) and soil eutrophica tion by nitrogen (N) deposition. At selected intensive sites, a number of parameters in cluding soil solution and chemistry as well 
Limitations of crown condition as an indicator of forest condition
The adequacy of the current monitoring design in achieving its aims has been subject to questions (Ferretti & Chiarucci 2003) . In particular, a number of limitations associated with crown condition parameters have been highlighted (Ferretti & Chiarucci 2003 , Innes 1993 . Crown defoliation and discolo ration are not specific to any direct or indi rect influence of air pollutants. Instead, they integrate the effects of natural factors such as site conditions (e.g., soil), intrinsic factors (e.g., age, phenology), biotic stress (pests, fungi), and meteorological conditions, as well as air pollutants (Innes 1992 . In addition, several relevant stress factors, which may affect defoliation are currently not included in the current monitoring program, these include forest management practices (e.g., thinning), me chanical hazards due to meteorological events (e.g., storm damage) as well as biotic stress (e.g., diseases and competition - Klap et al. 2000) . Crown condition is also influ enced by the history of the site and develop ment processes, which are often unknown or unquantifiable (Aber & Driscoll 1997 , Hüttl et al. 2009 ).
Crown condition assessments are also sub ject to a high degree of uncertainty due to the subjective nature of the observation involved (Ferretti 1998) . Klap et al. (2000) and Seidling (2001) found that as much as 30% of the variability in defoliation between countries can be attributed to methodological differences. Statistical techniques were used to account for this "country-effect" but it is likely that the significance of stress factors is limited by this effect (Klap et al. 2000) .
Finally, the results of the monitoring pro gram should be useful for the validation and development of protocols on the impacts of air pollution (De Vries et al. 2003) . While statistical evaluations may find a significant relationship between air pollution and crown defoliation, they have not contributed to the development of critical loads of atmospheric deposition.
General results from crown condition assessments at Level I and Level II sites
These limitations are evident in the results of correlative studies, which attempt to ex plain the variation in crown defoliation re garding site conditions (e.g., soil chemistry, altitude) and other stress factors such as de position of S and N, air pollution (SOx, NOx, O3) as well as meteorology (e.g., , Klap et al. 2000 , Lorenz et al. 2003 , Seidling 2001 ). Country differences and stand age account for the largest variation in crown condition (Klap et al. 2000 , Seidling 2001 . As a result of this and due to the li mitations outlined above, it is difficult to clearly discern the effects of air pollution (e.g., O3, SO2, N and S deposition) on forest ecosystems. For example, some studies have reported a significant negative correlation between SO4
2-and crown defoliation of Pinus sylvestris based on Level I data (Klap et al. 2000 , Fischer et al. 2002 , other studies using Level I and Level II data have not found any correlations , Seidling 2001 ). In addition, where a signifi cant relationship with defoliation is found, the contribution of air pollution is often small (e.g., Klap et al. 2000) .
The relationship between crown condition and nitrogen deposition is also not clear. De reported that nitrogen de position was positively correlated with defo liation in oak (Quercus robur) and beech (Fagus sylvatica), but it was negatively cor related with defoliation in spruce (Picea abies). In contrast, nitrogen was not found to be significant on the same species by Seidling (2001) or Klap et al. (2000) . Fischer et al. (2002 Fischer et al. ( , 2003 found that for some spe cies, e.g., P. abies and F. sylvatica, ammo nium deposition was correlated with dete rioration in crown condition, while nitrate coincided with an improvement. These re sults could reflect either a eutrophying or an acidification effect.
Conclusion
There is large potential within the ICP Forest's monitoring network to collect and evaluate data that can contribute to environ mental policy. The strength of the network lies in the extensive number of sites and the length of time series for which data have been recorded. Crown condition assessments have successfully shown that the "forest dieback" hypothesis was unfounded. However, it is clear from the results of correlative stu dies that crown condition assessments do not provide a clear overview of the variation in forest condition nor improve our understan ding of cause-effect relationships between forest condition and air pollution. A better understanding of the relationships between forest condition and air pollution may be achieved if more specific, quantitative re sponse variables are selected. This is particu larly relevant with respect to specific air pol lution threats such as ozone. However, it may also be argued that the original objec tives of the program may need to be re evaluated. The mandate of the program was, and still is, specific with respect to the ef fects of atmospheric pollution on forest eco systems; yet the relationships found are ge nerally weak and often geographically li mited. We argue that the focus of the pro gram on air pollution effects should be redi rected to take into account current threats to forest health in Europe.
